, were not present at mossy fiber synspontaneously and with electrical stimulation, where apses. Thus, the most obvious physiological target for it exerts a strong modulatory effect on the NMDA resynaptically released Zn 2ϩ was lacking. The discovery ceptors. Zn 2؉ tonically occupies the high-affinity bindthat mossy fiber synapses do, in fact, possess NMDARs ing site of NMDA receptors at mossy fiber synapses, (Weisskopf and Nicoll, 1995) provides a very sensitive whereas the lower affinity voltage-dependent Zn 2؉ means for assaying for the presence of Zn 2ϩ in the synbinding site is occupied during action potential drivenaptic cleft of mossy fiber synapses and the likelihood release. We conclude that Zn 2؉ is a modulatory neuroof a physiologically relevant action of Zn 2ϩ . transmitter released from mossy fiber synapses and
We have, therefore, used the hippocampal mossy fiplays an important role in shaping the NMDA receptor ber pathway as a model system in conjunction with response at these synapses.
selective Zn 2ϩ chelation and the use of a naturally occurring mutant mouse, the mocha mutant, which lacks Introduction Zn 2ϩ in its mossy fiber pathway (Kantheti et al., 1998), to explore possible roles of Zn 2ϩ in synaptic transmisEver since the discovery that Zn 2ϩ is present in large sion. We find that Zn 2ϩ does not appear to play a role amounts in discrete areas of the hippocampus (Maske, in activity-dependent forms of plasticity that are specifi-1955), there has been intense speculation concerning cally expressed at mossy fiber synapses, such as frepossible synaptic signaling roles for this metal in brain quency facilitation and NMDAR-independent long-term function. Much has subsequently been learned about potentiation (LTP). However, chelating synaptically rethe mechanisms involved in the sequestration of Zn 2ϩ leased Zn 2ϩ reveals an inhibition of NMDA receptors at and its effects in the CNS (Frederickson, 1989 (Figure 2A) . However, despite the absence of stainable Zn 2ϩ , the mossy fiber synapses still showed robust pairedpulse facilitation (Figure 2B 1 ) . These experiments were repeated in a number of slices from wild-type and mocha mice, and no difference was detected in paired-pulse facilitation between the mocha (2.15 Ϯ 0.17, n ϭ 5) and wild-type mice (2.46 Ϯ 0.21, n ϭ 4, p Ͼ 0.28) ( Figure  2B 2 ). In addition, no difference in frequency facilitation could be seen between the mocha (7.17 Ϯ 0.99, n ϭ 5) and wild-type mice (7.75 Ϯ 0.43, n ϭ 4, p Ͼ 0.6) ( Figure  2C ). Finally, substantial LTP was recorded in the mocha mice (1.84 Ϯ 0.10, n ϭ 5) ( Figure 2D ). Thus, it appears that the unique physiological properties of the mossy (A) The Zn 2ϩ chelator Ca-EDTA had no effect on mossy fiber fEPSPs.
As discussed in the Introduction, one of the most
Example fEPSPs generated by a bipolar stimulating electrode sensitive targets for the action of Zn 2ϩ is the NMDAR. presence of Ca-EDTA (n ϭ 6).
We first examined the effects of Zn 2ϩ on the NMDARmediated EPSC (NMDAR EPSC) in nongranule cells (i.e., whether Zn 2ϩ plays a causal role in the specific forms those cells in which L-AP4 had no effect on the synaptic of synaptic plasticity at the mossy fiber system, we exresponse). Zn 2ϩ (10 M) strongly depressed the NMDAR amined the effects of applying the extracellular chelator EPSC, and this depressant effect was largely reversed Ca-EDTA (2.5 mM). EDTA binds Zn 2ϩ with very high by the Zn 2ϩ chelator BTC-5N (30 M) ( Figure 3A 1 ). This affinity, K D 10 Ϫ16.4 , and the apparent affinity constant of effect of BTC-5N was selective in that it had no effect Ca-EDTA for Zn 2ϩ is in the range of 3-4 nM (Dawson et on the depressant action of Mg 2ϩ on the NMDAR EPSC ( Figure 3A 2 ) . The results from a number of cells are sumal., 1986; Bers et al., 1994). Ca-EDTA had no effect at low stimulation frequencies as measured by extracellumarized in Figure 3B and show that the Zn 2ϩ inhibition of the NMDAR EPSC (28.8% Ϯ 0.7%, n ϭ 5) is reversed lar field excitatory postsynaptic potential (fEPSP) mediated by AMPA-type glutamate receptors (n ϭ 10) (Figure by BTC-5N (84.4% Ϯ 3.0%), while the Mg 2ϩ inhibition of the NMDAR EPSC (17.1% Ϯ 1.9%, n ϭ 3) is not 1A). The chelator also had no effect on paired-pulse facilitation (control ϭ 3.0 Ϯ 0.3; Ca-EDTA ϭ 3.4 Ϯ 0.4, reversed by BTC-5N (19.5% Ϯ 1.3%). We next compared the effects of BTC-5N on the NMDAR EPSC recorded n ϭ 9, p Ͼ 0.11) ( Figure 1B) , frequency facilitation (control ϭ 6.8 Ϯ 0.6; Ca-EDTA ϭ 8.1 Ϯ 1.0, n ϭ 8, p Ͼ 0.09) in granule cells and nongranule cells. Figure 3C 1 shows NMDAR EPSCs evoked by two stimuli separated by 50 ( Figure 1C ), or the NMDAR-independent type of LTP typical of the mossy fibers (control ϭ 169% Ϯ 30%, n ϭ ms from an isolated neuron. L-AP4 (30 M) depresses the response, confirming that the cell is a granule cell. 3; Ca-EDTA ϭ 184 Ϯ 25%, n ϭ 6, p Ͼ 0.71) ( Figure  1D ). These negative results could be due to either the Application of BTC-5N enhances the responses. Figure  3C 2 shows NMDAR EPSCs evoked by three stimuli refact that Zn 2ϩ is not responsible for these phenomena or the fact that Zn 2ϩ acts inside the presynaptic terminal. corded from a nongranule cell, as defined by the lack of effect of L-AP4. In this case BTC-5N had no effect the mossy fiber NMDAR EPSC (142% Ϯ 8%, n ϭ 7) (data not shown), suggesting the presence of extracellular on the NMDAR EPSC. Results from a number of cells are summarized in Figure 3D and show that in L-AP4-Zn 2ϩ that inhibits NMDAR function. To characterize further the role of Zn 2ϩ at mossy fiber synapses, we used sensitive cells (60.7% Ϯ 6.8%, n ϭ 9) BTC-5N significantly enhanced the NMDAR EPSC (123.9% Ϯ 3.7%), the much higher affinity Zn 2ϩ chelator Ca-EDTA which had more dramatic effects compared to BTC-5N. In Figwhile in L-AP4-insensitive cells (94.7% Ϯ 3.2%, n ϭ 4) BTC-5N had no effect (102.4% Ϯ 1.6%). Since the ure 4 we compared the effect of Ca-EDTA on the NMDAR EPSC evoked by mossy fiber stimulation and A/C stimu-NMDAR EPSC of nongranule cells is sensitive to Zn 2ϩ but is unaffected by BTC-5N, and the two types of cells lation in the same cells at a negative and positive holding potential. At negative holding potentials the mossy fiber are intermingled on the same culture slips, tonic Zn 2ϩ levels in the dish cannot account for the effects of BTCresponse was considerably and reversibly enhanced (167% Ϯ 16%, n ϭ 6, p Ͻ 0.01), while the A/C response 5N on the granule cell NMDAR EPSC. These results suggest that Zn 2ϩ released from the granule cell normally was unaltered (97% Ϯ 10%, n ϭ 6, p Ͼ 0.76) ( Figure  4A ). The rising phase of the mossy fiber NMDAR EPSC exerts a localized inhibitory effect on the NMDAR EPSC, which can be relieved by a selective Zn 2ϩ chelator. varied considerably and was slower than the A/C response. This is presumably related to the asynchrony We next returned to the slice preparation to extend these results to a more intact system. We were able to of the input that can be seen more clearly when the fast rising AMPA EPSC is recorded. confirm the effects of BTC-5N on mossy fiber NMDAR EPSCs. Cells were held at Ϫ40 mV with a reduced Mg (Figure 7A) , Ca-EDTA was applied, which essentially abolkroin, R. Palmiter, and colleagues, personal communication). We are, thus, unable to explain the difference ished the inhibition ( Figure 7B ). This blocking action of Ca-EDTA on the tetanus-induced inhibition was reversbetween these and previous results (Hesse, 1979), although the effect might be due to a secondary effect of ible ( Figure 7C) . A summary of the results from all the cells is shown in Figure 7D . . One caveat that should be kept in mind is that extrasyn-BTC-5N was found to enhance the NMDAR EPSC evoked by mossy fiber stimulation at negative potentials aptic NMDARs may contribute to the iontophoretic responses, and it is a formal possibility that their sensitivity but not at positive potentials. Thus, the findings in culture suggest that release of Zn 2ϩ from granule cells inhibto Zn 2ϩ is higher than that of the synaptic receptors. The present results allow us to provide a rough estiits NMDAR function, at least at the low-affinity binding site.
1999) no clear physiological deficits have been detected in responses to mossy fiber stimulation (P. SchwartzOnce the tetanus-induced inhibition was observed
mate of the concentration of Zn 2ϩ in the extracellular space. The finding that the low-affinity site is bound by The action of endogenous Zn 2ϩ on NMDARs was examined in more detail in the slice preparation with the Zn 2ϩ indicates that Zn 2ϩ must reach a concentration in excess of 10-20 M at mossy fiber synapses. The failure higher affinity Zn 2ϩ chelator Ca-EDTA. The enhancement of mossy fiber NMDAR EPSCs by Ca-EDTA was signifiof Ca-EDTA to enhance NMDAR responses in the s. radiatum argues that the extracellular concentration of cantly larger than for BTC-5N, and the simultaneously recorded A/C NMDAR EPSC was unaffected. When Zn 2ϩ in this region is below nanomolar concentrations, although, as discussed in the Results, this assumes that these experiments were repeated at a positive holding potential, Ca-EDTA had no effect on either of the synapthe receptors in s. radiatum and s. 
